As one of the reemerging infectious diseases, dengue fever affects 50 to 100 million people annually in tropical and subtropical regions and causes severe disease that requires hospitalization in approximately 1% of infected individuals. Dengue fever is a mosquito-borne viral disease caused by infection with dengue virus (DV), a single-stranded RNA virus that belongs to the Flaviviridae family (5, 12, 27, 44) . It exists as four serotypes, DV type 1 (DV1), DV2, DV3, and DV4, classified according to neutralization and complement-fixation assays (37, 40) . Most primary DV infections present as a self-limiting, undifferentiated febrile illness, dengue fever. DV infection can cause more severe forms of disease, including dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), in secondary infections and primary infections of infants 6 to 9 months of age. DHF/DSS is an acute vascular permeability syndrome that manifests clinically as hypotension, shock, and hemorrhage, carrying a high mortality rate of 10 to 40% without appropriate clinical management (44) .
Antibody-dependent enhancement (ADE) is one of the central hypotheses for the pathogenesis of DHF/DSS that had been proposed 3 decades ago (5, (13) (14) (15) 39) . The ADE hypothesis proposes that while neutralizing antibodies produced during primary infections confer life-long protection to a homologous virus, they may be paradoxically harmful in secondary infections with a heterotypic DV serotype. Preexisting antibodies to one serotype form infectious immune complexes with heterotypic DV serotypes and bind to Fc receptors (FcRs) on cells such as monocytes/macrophages. This facilitates dengue virus entry, replication, and spread and, hence, increased disease severity. Additionally, infected monocytes/macrophages may activate other effector mechanisms to produce vasoactive lymphokines that cause endothelial cell damage and the eventual DHF/DHS (8-11, 13-15, 19-21) . In theory, cells bearing a putative DV receptor may be susceptible to DV infection, whereas cells bearing FcR can bind and internalize potentially infectious virus-antibody immune complexes independent of the putative DV receptor. In both instances, DV spread would be facilitated. In vitro experimental evidence suggests that both Fc␥RI and Fc␥RII mediate ADE of DV infection (22, 26, 38) .
There are also alternative hypotheses of DHF/DSS that have proposed a major role for T or B cells, either as target cells for direct DV infection or as effector cells responding to DV antigens presented on infected antigen-presenting cells. In either case, T and B cells are thought to produce some cytokines that cause endothelium damage preceding the onset of DHF/ DSS (5, 25, 39, 43) . These alternative hypotheses are derived from several lines of experimental evidence. First, CD4
ϩ and CD8 ϩ T-cell clones, B-cell lines, or purified primary B cells were shown to be susceptible to infection by DV and capable of producing new virions in the absence of DV-immune serum (18, 25, 31, 41) . Second, both DV-specific CD4 ϩ and CD8 ϩ T cells were detected in a proportion of subjects who acquired natural DV infection or received candidate DV vaccines (28, 29, 33, 34) . Furthermore, these DV-specific T cells produced proinflammatory cytokines, including gamma interferon and tumor necrosis factor alpha, upon stimulation with DV antigens. Finally, diverse cell types including skin Langerhans cells, endothelial cells, and hepatocytes have been reported to be permissive to DV infection in the absence of enhancing antibodies (1, 3, 30, 42, 45) . These DV-infected cells might present DV antigens that activate T or B cells to make undesirable cytokines that may cause microvasculature damage in DHF/ DSS.
Central to the validation of these contrasting hypotheses is determining the identity of DV-permissive target cells and whether anti-DV antibody can direct DV infection to cells that are ordinarily poorly permissive. In a previous study using unfractionated human peripheral blood mononuclear cells (PBMCs), we found that monocytes, but not B or T cells, were the principal DV-permissive cells in the absence of DV-immune serum and the major mediators of antibody-dependent enhancement in the presence of DV-immune serum (23) . In the current study, we extend our investigation to the use of mononuclear cells (MNCs) isolated from human spleens, an organ where dengue viral antigens were frequently detected in patients who succumbed to DHF/DSS (16) and in experimentally DV-infected mice and macaques (9, 24) . Our results provide evidence for the first time that human primary splenic macrophages, rather than B or T cells, are most permissive to DV infection, and thus they may be uniquely important in the initial steps of immune enhancement that leads to DHF/DSS in some DV-infected individuals.
MATERIALS AND METHODS
Virus stocks. Virulent strain DV2-16681 was provided by Richard Kinney (CDC, Fort Collins, CO). Virus stocks were prepared and titrated by plaque assay as previously described (38) and then aliquoted and stored at Ϫ80°C.
Source cells. Extra splenic MNCs that were regularly purged from the freezer and discarded by the Histocompatibility Laboratory, University of Rochester, were saved and used in the current study, which has been approved by the institutional Research Subjects Review Board. Standard procedures were used to isolate MNCs from the spleen. Each spleen was obtained from a potential organ donor and then sectioned and distributed to tissue typing labs for use in tissue compatibility testing. Immediately after the splenic section was received, it was dissected into smaller pieces with a surgical scalpel. The pieces were kept in 3 to 5 ml of RPMI 1640 medium in a plastic bag, which was placed in a Stomacher 80 laboratory blender (Seward, Essex, United Kingdom) for 1 to 2 min. The suspension was filtered through a nitrocellulose membrane to remove larger clumps and diluted to 20 ml in phosphate-buffered saline (PBS). MNCs were isolated by standard Ficoll density gradient centrifugation methods, washed twice in RPMI 1640 medium, and cryopreserved at Ϫ150°C in RPMI medium with 20% fetal bovine serum and dimethyl sulfoxide at a concentration of 5 ϫ 10 6 to 10 ϫ 10 6 per ml until use in a cytotoxicity or flow cytometric cross-match to determine the human leukocyte antigen compatibility between the organ donor and organ recipient. Vero cells were obtained from the ATCC. Staining antibodies. A purified murine monoclonal antibody (7E1) specific for DV E antigen (anti-E) of all four DV serotypes was labeled with Alexa Fluor 647 (Molecular Probes, Invitrogen Corp.) and used for the enumeration of DVinfected cells as described previously (38) . Other antibodies for cell surface markers were purchased from commercial sources, including CD3-phycoerythrin (PE)-Cy5, CD4-allophycocyanin, CD14-Alexa Fluor 700, CD16-PE-Cy7, CD19-PE, CD20-PE-Cy5, CD32-PE, CD56-PE-Cy5, and CD64-fluorescein isothiocyanate (BD Pharmingen, San Jose, CA) as well as CD3-Alexa Fluor 405 (Caltag, CA).
Phenotypic analysis of human splenic MNCs and PBMCs. For multicolor phenotypic analysis, cryopreserved cells were thawed, washed twice with PBS, and resuspended in PBS at 2 ϫ 10 7 cells per ml. A total of 100 l of the cell suspension was stained for 30 min at 4°C with antibodies to various surface markers including CD3, CD4, CD14, CD20, CD64 (Fc␥ RI), CD32 (Fc␥ RII), and CD16 (Fc␥ RIII). Finally, cells were washed twice with PBS and resuspended in 1% formaldehyde. Data were acquired on a BD LSR II machine (BD Immunocytometry System) and analyzed by using the FlowJo (Tristar) software.
Direct DV infection and ADE of infection in human splenic MNCs. For direct infection, MNCs were inoculated with DV at various multiplicities of infection (MOIs) for 90 min at 37°C, washed twice with PBS, and then cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 IU/ml of penicillin, 100 g/ml of streptomycin, and 2.0 mM of L-glutamine (RPMI 10 medium) until the day of assay. For the ADE experiment, DVimmune pooled human sera (PHS) were prepared by mixing equal amounts of serum obtained from three DV-immune subjects who had documented neutralizing reactivity to all four DV serotypes (J. J. Schlesinger, unpublished observation). The PHS was then filtered with a 0.2-m-pore-size filter, aliquoted, and stored at Ϫ80°C. To prepare DV-immune complexes, known amounts of DV were mixed with serially diluted PHS in a volume of 500 l and incubated for 30 min at 37°C before being added to a known number of splenic MNCs in suspension (at a final concentration of 2 ϫ 10 6 /ml). Infected cells were then washed twice, resuspended in RPMI 10 medium, and cultured at 37°C for two additional days. On the day of assay, cells were harvested and stained intracellularly for DV antigen in conjunction with a panel of surface markers to identify cell subsets. Results were expressed as the proportion of infected cells of a given phenotypically unique cell subset (such as monocytes that are CD14 ϩ CD3 Ϫ CD19 Ϫ ) under various conditions as detected by anti-E antibody.
FACS analysis of DV infection. Standard as well as polychromatic fluorescence-activated cell sorting (FACS) analyses were performed to enumerate the number of DV-infected cells. DV-infected cells were harvested by gentle scraping, washed once with PBS, and then fixed and permeabilized with 500 l of lysing buffer (BD Biosciences) for 10 min at room temperature. After being washed once with PBS, the cells were resuspended in 500 l of PBS and incubated with an additional 500 l of Perm 2 solution (BD Biosciences) for 10 min at room temperature. Following another wash with PBS, the cells were resuspended in PBS containing 50% human AB serum and stained with the anti-E antibody in conjunction with antibodies to cell subset markers for 30 min at 4°C. Labeled murine immunoglobulin G1 antibodies were used as staining controls in all assays. Finally, cells were washed twice with PBS and resuspended in 1% formaldehyde. FACS data acquisition was performed on a FACSCalibur or a BD LSR II machine (BD Immunocytometry Systems). For each sample, 20,000 to 100,000 total events were collected for analysis. The data acquired were analyzed using CellQuest (BD Biosciences) or FlowJo (TriStar) software.
Quantifying viral production by surrogate assays. The amount of infectious virion produced in the infected splenic MNCs was quantified with the plaque assay as described previously (38) . Briefly, 1.5 ϫ 10 5 Vero cells were seeded to each well of a 24-well tissue culture plate and allowed to grow to 80% confluence overnight. A total of 200 l of culture supernatant harvested from infected splenic MNCs was added to Vero cells and incubated for 90 min at 37°C. The cells were washed and then cultured in 2.0 ml of medium for 3 days before being assayed for DV production by an immunostaining assay as described previously (38) . A parallel set of Vero cell cultures was set up for quantifying the number of infected Vero cells with anti-7E1 antibody staining and the FACS assay. Vero cells were seeded onto a six-well plate at a concentration of 5 ϫ 10 5 cells per well and inoculated with 500 l of supernatant harvested from each splenocyte infection condition for 90 min at 37°C. The cells were left in culture for 2 days and harvested, stained with our anti-E antibody, and then analyzed by FACS analysis.
RNA extraction and RT-PCR. For reverse transcription-PCR (RT-PCR) analysis of DV infection, total RNA was extracted from 5 ϫ 10 5 infected or control cells using an RNeasy mini kit (Qiagen) according to the manufacturer's instructions. Ample RNase Away (Invitrogen) was used on all tubes to limit RNA digestion. Each RT-PCR was performed using the Superscript III first-strand synthesis system (Invitrogen). First-strand cDNA was synthesized using oligo(dT) 20 primers, and the reaction mixtures were incubated at 50°C for 50 min and then at 85°C for 5 min. Platinum PCR Supermix (Invitrogen) was used for the PCR at 33 cycles (94°C for 30 s, 55°C for 30 s, and 72°C for 80 s) in a GeneAmp PCR System 9700 model thermocycler (Applied Biosystems). Primers specific for the DV NS1 gene were used for detecting virus-infected cells [pNS1(BamHI)Forward, 5Ј-GCCGGATCCGATAGTGGTTGCGTTGTGAGC TGG-3Ј; pNS1(Xho1)Reverse, 5Ј-GGCCGAGCTCTTAAGCTGTGACCAAG GAGTTGACC-3Ј]. The PCR products were analyzed by electrophoresis on a 1% agarose gel.
Statistics.
The comparisons between data groups were performed with the Mann-Whitney test; for comparisons among data groups, one-way analysis of variance in GraphPad Prism, version 4, software (San Diego, CA) was used. A P value of less than 0.05 was considered significant.
RESULTS

Splenic MNCs are phenotypically different from blood
PBMCs. Other than being the primary filter of blood, the spleen is an important immunologic organ that plays a major role in processing and presenting antigens, stores one-third of the body's platelets, and functions as a major hematopoietic site (35) . It contains approximately equal percentages of B and T cells (6) and a small proportion of other cells including macrophages, granulocytes, and NK cells. The spleen may play an important role in the development of DHF/DSS; however, the specific type of cells permissive to DV and capable of mediating ADE is largely unknown. We first compared the relative proportion of major subsets of immune cells of interest between splenic MNCs and PBMCs and then the phenotypic features of splenic macrophages versus blood monocytes. Because paired MNCs and PBMCs from the same donor were not available, we used PBMCs from one group of three individuals and MNCs from another group of three individuals.
We first compared the overall phenotypic characteristic between blood PBMCs (sample 322-L007) and splenic MNCs (sample OL3020). The proportion of cells of interest differed between blood and spleen. PBMCs in blood were made up of mostly CD3 ϩ T cells (71.7%), followed by CD19 ϩ B cells (15.5%) and CD14 ϩ monocytes (2.65%). In contrast, splenic MNCs consisted of a smaller proportion of T cells (44.6%) but more B cells (52.1%) and similar percentage of macrophages (1.55%) (Fig. 1A) . The observation was reproducible in three experiments (in six subjects) (data not shown). There were statistically significant differences between PBMCs and MNCs in the proportions of T cells (76.1% Ϯ 4.0% versus 35.2% Ϯ 11.2%; P ϭ 0.004) and B cells (10.0% Ϯ 4.9% versus 55.6% Ϯ 11.6%; P ϭ 0.003) but not monocytes/macrophages (3.6% Ϯ 2.6% versus 2.2% Ϯ 1.2%; P ϭ 0.420). In the same seven-color FACS analysis, we also examined the Fc␥RIs expression on blood monocytes (sample 322-L007) and splenic macrophages (sample OL3020). We first gated on CD14 ϩ CD3 Ϫ CD4 ϩ CD20 Ϫ monocytes/macrophages and then displayed the expression of Fc␥RI (CD64), Fc␥RII (CD32), and Fc␥RIII (CD16). While blood monocytes and splenic macrophages expressed similar levels of CD32 and CD64, a larger proportion of splenic macrophages than blood monocytes expressed CD16 (Fig. 1B) . Again, the contrast of expression levels among Fc␥R was reproducibly observed in three experiments (in six subjects) (data not shown).
It is interesting that the mean fluorescent intensity (MFI) of CD16 expression in splenic macrophages was lower than that of the CD16 ϩ blood monocytes but higher than the majority of CD16 Ϫ monocytes. Although the explanation for this is not clear, it might be that subsets of blood monocytes have different fates after migrating to the spleen: the majority-CD16 Ϫ monocytes acquire low levels of CD16 expression, and the minority-CD16 ϩ monocytes differentiate into dendritic cells which become negative for CD16 surface expression (4, 36) . The different compositions of T and B cells, as well as the contrasting patterns of expression among Fc␥R, highlighted the differences between blood monocytes and splenic macrophages. Additionally, because the adult spleen holds only 20 to 40 ml of blood (35) , the likelihood that these splenic macrophages are contaminating blood monocytes is small. Splenic macrophages, not T or B cells, appear to be permissive for DV infection. Various hypotheses on the pathogenesis of DHF/DSS have placed emphasis on a pivotal role of monocytic phagocytes, T cells, or B cells. We believe that examining all these cell types under the same experimental conditions will provide new insight into DHF/DSS pathogenesis. In a previous study, we examined the relative permissiveness among different cell subsets in unfractionated human PBMCs by a FACSbased assay that allowed simultaneous assessment of multiple cell types in the same test tube (23) . We now used the same approach to assess DV permissiveness among cell subsets in MNCs isolated from spleen.
FACS analysis was applied to examine which cell types in human splenic MNCs are permissive to DV infection in the absence of "enhancing" antibodies. Figure 2 shows a representative result of this assay. MNCs were resurrected from the freezer and inoculated with DV2-16681 at an MOI of 5 or mock infected. Two days later, the cells were harvested and simultaneously stained with anti-E antibody (7E1) and antibodies to CD3, CD14, and CD19 as well as the corresponding isotype-matched immunoglobulin G control antibody. Results showed that among major cell types of interest, only resident macrophages (CD14ϩ CD3 Ϫ CD19 Ϫ ) exhibited a slightly higher proportion of anti-E staining (0.34%) than the background control staining (0.14%). There was no evidence of DV infection in T cells (
, or other cells negative for T-cell, B-cell, and macrophage markers (CD3 Ϫ CD14 Ϫ CD19 Ϫ ). Splenic macrophages, not T or B cells, exhibit enhanced DV infection in the presence of highly diluted DV-immune human serum. We showed previously that DV infection could be enhanced in primary monocytes, but not T and B cells, in the presence of DV-immune serum (23) . To examine whether the same is true for splenic MNCs that consist of T and B cells, as well as resident macrophages, we inoculated MNCs with DV2-16681 at an MOI of 5 in the presence or absence of DVimmune PHS at a range of dilutions (1/500 to 1/10 6 ). The cells were incubated for 2 days and then assessed for infection, neutralization, and enhancement with labeled anti-E, as well as CD3, CD14, and CD19 antibodies that identify T cells, macrophages, and B cells, respectively. Since no infection of T and B cells was detectable, only the percentage of macrophages (CD14ϩ CD3 Ϫ CD19 Ϫ ) infected by DV is presented. Results showed modest infection in the absence of PHS (0.15% versus 0.02%) but a sevenfold enhancement of infection in the presence of a 1/10 4 dilution of PHS (1.10% versus 0.15%) (Fig. 3) . These results are in agreement with earlier findings that ADE of DV replication in monocytes/macrophages was optimal when subneutralizing antibody concentrations were used (14, 15, 20) .
Splenic macrophages support DV infection in the absence of DV-immune human serum. Our previous work consistently demonstrated that blood monocytes were DV permissive even in the absence of PHS (23); it was less straightforward to show that splenic macrophage are DV permissive because the percentage of splenic macrophages positive for DV antigen staining was small (Fig. 3) . To further examine whether splenic MNCs are DV permissive, we used a more sensitive RT-PCR method. Control experiments for the assay are shown in Fig. 4 and 5. Vero cells were either mock infected or infected by DV2-16681 at an MOI of 5, and samples were harvested at various times. The proportion of infected cells (Fig. 4A ) and the MFI of infected cells (Fig. 4B) were analyzed by intracellular anti-E antibody staining and FACS analysis. In parallel, the presence of viral RNA in infected cells was assessed by RT-PCR (Fig.  4C) . Results show that infected cells were first detectable at 12 h and peaked at 24 h postinfection; mock-infected cells had little staining at all time points (Fig. 4A and B) . The relative amount of viral NS1 gene product remained constant during the first 6 h of infection and increased dramatically from 12 to 48 h postinfection (Fig. 4C) . A 353-bp ␤-actin gene fragment was also amplified in the same RT-PCR and was included as a control for input cellular RNA (Fig. 4C) , the results of which indicate that the late increase in NS1 is not due to more input template RNA in RT-PCRs.
Next, the kinetics of DV infection was examined in PBMCs because of their easy availability and because their cellular composition is similar to that of splenic MNCs. PBMCs were either mock infected, infected by DV2-16681 (MOI of 5) only, or infected in the presence of a 1/10 4 dilution of PHS, which optimally enhanced DV infection in our previous studies (23) (Fig. 5 ). Cells were washed and harvested at various time points (0, 1.5, 6, 12, 24, and 48 h), and cellular RNA was extracted for analysis. The presence of the DV NS1 gene product was detected using the RT-PCR assay as described previously. The ␤-actin gene fragment was amplified in a separate RT-PCR and used as a control for input cellular RNA. Results show a complete lack of NS1 detection in mock-infected cells (Fig. 5, top) , a progressive decline of NS1 signal during the first 12 h of infection with DV alone, and increased detection of NS1 signal after 24 to 48 h of infection (Fig. 5, top) . The observation is consistent with published data showing that the amount of infectious virus produced into the culture supernatant of DV2-16681-infected human monocytes/macrophages peaks at 24 to 48 h postinfection (2) . After infection by virus-PHS immune complexes, there were elevated levels of NS1 signal during the first 12 h of infection in comparison to the level of the virus-only group and a late increase in NS1 between 24 to 48 h postinfection (Fig. 5, top) . The elevated NS1 level during the initial period of infection may be a reflection of increased attachment and uptake of virus-PHS immune complexes via FcRs expressed on monocytes/macrophages, while the late increase may be indicative of de novo viral replication. The amounts of ␤-actin control in these assays are equal in all samples (Fig. 5, bottom panel) . Having determined the specificity and limitation of the RT-PCR assay for detecting DV infection using Vero cells and PBMCs, we next applied the method to examine the presence of viral RNA in splenic MNCs inoculated with DV. Splenic MNCs (sample PAQ028) were inoculated with DV2-16681 at an MOI of 5 in the presence or absence of various dilutions of PHS (1/500 and 1/10 6 dilutions). Two days later, cells were harvested, RNA was extracted, and RT-PCR was performed using primers for the NS1 gene to detect viral replication, as described in Materials and Methods. Results show that there were positive signals in all except the negative control samples in which no virus was added (Fig. 6, lanes 1  and 3) . The results were reproduced using splenic MNCs from another subject. While the specific cell subset that produced the virus is uncertain from this experiment, some cells were clearly infected in the absence of PHS. It is likely that these cells are macrophages rather than T cells and/or B cells because the latter were nonpermissive even in the presence of PHS (see Table 2 ) (23) .
To further examine whether the small percentage of anti-E antibody-positive staining in splenic macrophages and positive NS1 signal in spleen cells inoculated with virus only are reflective of true infection or merely contamination of input viral RNA, we performed additional surrogate assays. Figure 7 shows representative results of three such experiments. MNCs were inoculated with DV2-16681 at an MOI of 5 in the presence or absence of PHS at different concentrations as described previously. Results show that 0.44% of cells were specific for E-antigen staining in the absence of PHS, but the infection was enhanced by threefold in the presence of a 1/10 4 dilution of PHS (Fig. 7a) . Supernatant from each of these experimental conditions was harvested and used to infect Vero cells as described in Materials and Methods. The extent of Vero cell infection was assessed by FACS analysis and plaque assay. In the virus-only group, the percentage of Vero cells positive for anti-E staining was much higher than the control cells (16.8% versus 0.5%) (Fig. 7b) . More importantly, we obtained 413 PFU/ml of infectious virus in the virus-only group, as well as a 67-fold enhancement of virus production (27,500 versus 413 PFU/ml) in the presence of a 1/10 4 dilution of PHS (Fig. 7c) . Thus, we demonstrated a strong agreement in results obtained from all four types of assays: direct assessment of infection using FACS analysis or RT-PCR assays with splenic MNC or indirect measurement of infection by using a viral amplification assay in Vero cells and the traditional plaque assay in Vero cells with culture supernatants harvested from DV-infected splenic MNCs.
To more definitively establish that splenic macrophages were the principal infected cells that produced infectious virions detected by the surrogate plaque assay, we performed another type of experiment, the results of which are summarized in Fig. 8 . Splenic MNCs (sample OL3026) depleted of CD14 ϩ macrophages using magnetic beads were compared to unfractionated MNCs. The cells were inoculated with DV2-16681 at an MOI of 5 in the presence or absence of different dilutions of PHS (0, 1/500, 1/10 4 , and 1/10 5 ). Supernatant from each of the experimental conditions was harvested 2 days later and inoculated onto Vero cells. After 3 days in culture, Vero cell infection was measured by staining with a labeled anti-E antibody and analyzed by FACS analysis. The CD14 ϩ cell depletion procedure removed 90% of the macrophages from the MNCs (6.63% to 0.59%) (Fig. 8a) and enriched T-cell (21.1% to 24.8%) and B-cell (58.5% to 66.1%) populations (data not shown). The amount of virus produced from MNCs depleted of CD14 ϩ cells was markedly reduced, and 90% fewer Vero cells were infected (1.49% to 0.13% at a 1/10 4 dilution of PHS and 3.02% to 0.12% at a 1/10 5 dilution of PHS) (Fig. 8b and c) . Collectively, these data (Fig. 4, 5b and c, and 6) strongly suggest that splenic macrophages, not T and B cells, are permissive to DV and support DV replication.
Only splenic macrophages, not B or T cells, were DV-permissive and capable of mediating ADE of DV infection. To confirm that splenic macrophages were the most permissive target cells for direct DV infection, we repeated the DV infection experiment described in the legend of Fig. 3 in nine additional subjects. Results from all 10 subjects showed a fourfold increase in the average levels of anti-E staining in DVinfected macrophages compared to control mock-infected cells FIG. 7 . Verification of DV infection using surrogate assays. Splenic MNCs were infected by DV2-16681 at an MOI of 5 in the presence or absence of serially diluted PHS (dilutions of 1/500 to 1/10 6 ), incubated for 2 days, and then harvested and stained with labeled anti-E antibody as well as antibodies to T cells (CD3), B cells (CD19), or macrophages (CD14); cells were then analyzed using flow cytometry (a). Culture supernatants were harvested and used to infect Vero cells for three days, and viral infection was assessed using two assays: FACS assay with anti-E antibody staining (b) and plaque assay by immunostaining (c) as described in Materials and Methods. All three methods showed that splenic MNCs were permissive to DV even in the absence of PHS and that the infection was greatly enhanced in the presence of highly diluted PHS.
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(0.77% Ϯ 1.00% versus 0.18% Ϯ 0.12%; P ϭ 0.07, paired Student t test). The normal subject variability, however, rendered this difference statistically insignificant. In contrast, the levels of anti-E staining were similar with or without DV inoculation in T cells (0.10% Ϯ 0.18% versus 0.06% Ϯ 0.13%) and B cells (0.15% Ϯ 0.14% versus 0.09% Ϯ 0.06%), as well as cells that were negative for T-cell, B-cell, and monocyte markers (0.18% Ϯ 0.16% versus 0.11% Ϯ 0.12%) ( Table 1) .
To verify that only primary macrophages, not T and B cells, support enhanced DV infection in the presence of DV-immune serum, we assessed DV infection in splenic MNCs isolated from 10 subjects with DV2-16681 at an MOI of 5 in the presence or absence of a range of PHS dilutions (for 1/500 to 1/10 5 in two subjects and 1/500 to 1/10 6 in eight subjects). Results show that among the splenic macrophages, there was an apparent DV infection in the absence of PHS (0.77% Ϯ 1.00% versus 0.18% Ϯ 0.12%; P ϭ 0.07), neutralization in the presence of PHS at a 1/500 dilution, and definitive enhancement of DV infection over a range of PHS dilutions (1/10 4 to 1/10 6 ), which peaked at the 1/10 4 PHS dilution (5.41% Ϯ 3.53% versus 0.77% Ϯ 1.00%; P ϭ 0.001). In contrast, no infection of either T cells (0.10% Ϯ 0.18% versus 0.06% Ϯ 0.13%) or B cells (0.15% Ϯ 0.14% versus 0.09% Ϯ 0.06%) was detected under any of the experimental conditions. In addition, there was no infection in cell subsets that were negative for T-cell, B-cell, or macrophage markers (peak of 0.18% Ϯ 0.16% versus 0.11% Ϯ 0.12% of background staining) ( Table 2) .
DISCUSSION
DHF and DSS affect multiple organs, including liver, spleen, kidney, lung, and bone marrow (16) . The precise identity of DV-permissive cells in tissues and organs, however, is still largely unknown. Halstead had speculated 25 years ago that "the only site of replication of dengue virus in man is cells of mononuclear phagocyte lineage" (7) . Due to the lack of sophisticated experimental tools, though, this speculation had never been conclusively tested. We have previously established an assay that simultaneously identified DV-infected cells and their phenotypes among infected cells in unfractionated human PBMCs and found that only primary monocytes were permissive to DV (23) . We now provide additional experimental support for the Halstead speculation. Our current study shows that, under identical experimental conditions in vitro, (i) splenic resident macrophages were modestly permissive to DV infection and exhibited significantly enhanced infection in the presence of highly diluted DV-immune human serum, and (ii) primary splenic T and B cells were not permissive to DV in either the presence or absence of DV-immune human serum.
To our knowledge, this is the first time that the permissiveness to DV infection and ability to mediate ADE were exam- ined in unfractionated primary human splenic MNCs ex vivo. The experimental conditions mimic more closely the in vivo environment where these cell types may encounter DV and DV-immune complexes in a common milieu. Consequently, findings from this study may be more pertinent to the interpretation of DHF/DSS pathogenesis. In a recent study using a large number of blood and tissue samples obtained from DVinfected patients, DV antigens were detected with immunohistochemistry techniques in multiple tissues and organs including liver, spleen, kidney, lung, bone marrow, and blood clots. However, DV RNA, a surrogate of viral replication, was detected with an in situ hybridization technique only in splenic macrophages and monocytes of blood clots (16) . Our current results demonstrating that splenic MNCs are permissive to DV infection and support DV replication offer a specific cellular basis to explain the observations made using biopsy and autopsy tissue specimens (16) . Some interesting questions that warrant further study are (i) whether macrophages could be infected within the spleen and (ii) whether the infected splenic macrophages are merely an archive of monocytes that were infected in the blood, arrived to the spleen, and differentiated into splenic macrophages. Although there are no data on the precise route of DV spread in humans, in monkeys experimentally infected by DV, the virus was found in regional lymph nodes within a day and later in various tissue and organs, including the spleen (9) .
Neither our previous study using PBMCs (23) nor the current study using splenic MNCs found any evidence of direct DV infection of T and B cells in vitro, suggesting that neither cell type contributes much to overall DV production in vivo. However, our results do not exclude a role for T and B cells as responder cells in the pathogenesis of DHF/DSS. In future studies, it would be important to examine whether cytokines produced by infected monocytes/macrophages and/or activated T and B cells are the culprits that induce endothelial damage prior to bleeding diathesis and plasma leakage during DHF/ DSS.
We believe that our results, in addition to providing clarification on the relative permissiveness to DV infection and capacity for mediating ADE among cell subsets in human splenic MNCs, also allow for the formulation of new hypotheses. Splenic rupture and hepatosplanchnic circulatory dysfunction have occasionally been reported in patients who succumb to DHF/DSS (17, 32) . Based on our presented data, it is tempting to postulate that this is caused by a sequence of events. First, preexisting anti-DV antibodies form infectious immune complexes with a heterotypic DV during a secondary infection. Such immune complexes are engulfed by resident splenic macrophages through Fc␥Rs. Second, while attempting to destroy virus-antibody immune complexes, abundant viral antigens are presented on the surface of the macrophage, which activates T cells to produce a variety of cytokines. Lastly, some of the cytokines modulate endothelial linings to promote plasma leakage and bleeding, which cause the enlargement of the spleen. Whether such a hypothesis is true has yet to be tested.
In summary, results from the current study and our previous study (23) provide strong support to the Halstead speculation made 25 years ago that cells of mononuclear phagocyte lineage are the only site of DV replication in humans. The evidence provides additional experimental support to the ADE hypothesis of the pathogenesis of DHF/DSS and argues against the notion of T and B cells as major reservoirs for DV replication.
